Abstract-The Aalborg Inverter is a new type of high efficient DC/AC grid-tied inverter, where the input DC voltage can vary in a wide range. Compared with the LCL-filter, the LLCL-filter can save the total inductance for the conventional voltage source inverter. In this paper, an LLCL-filter based Aalborg Inverter is proposed and its character is illustrated through the small signal analysis in both "Buck" and "Buck-Boost" mode. From the modeling, it can be seen that the resonant inductor in the capacitor loop has not brought extra control difficulties, whereas more inductance in the power loop can be saved. Simulation and experiments are carried out to verify the analysis and the design through an 220 V/50 Hz, 2000 W prototype.
INTRODUCTION
With the development of renewable energy generation, grid-connected inverters are being more and more widely used [1] - [9] . In order to achieve higher efficiency for photovoltaic (PV) inverter, recently, the MOSFET switch based inverters are becoming popular [5] - [9] . The Aalborg Inverter is a new family of high efficiency MOSFET switch based transformerless inverter operating with a wide variation of input DC voltage, which working states depend on the instantaneous difference between the input voltage and the output voltage [9] , [10] . Similar to the conventional dual mode time-sharing inverters [11] - [12] , it has minimum switching power loss since only one power stage of this inverter chops at high frequency at any time. Furthermore, a voltage drop on the filtering inductor in the power loop can be decreased with the reduced size and power losses [10] .
In the application, the output filter also affects the efficiency of grid-tied inverter [13] . In order to save the total inductance of a voltage source grid-tied inverter and increase the system efficiency, the LLCL-filter was proposed in [14] , where nearly zero impedance at the switching frequency can be achieved, strongly attenuating the harmonic currents around the switching frequency. Comparing to the LCL-filter, the LLCLfilter has not brought extra control difficulty for a grid-tied inverter [14] - [17] . The EMI issue caused by the resonant inductor in the capacitor loop of the LLCL-filter can easily be solved at smaller cost [18] - [20] .
It can be deduced that when the LLCL-filter is applied in the Aalborg inverter, the efficiency of whole system can be further improved. This paper focuses on the small signal modeling of the LLCL-filter based Aalborg Inverter. The main circuit and basic operating principle is first introduced. Then, the modeling of this inverter is carried out during "Buck" and "Boost" operation state. Finally, simulations and experiments are carried out on a 2 kW prototype in order to verify the theoretical analysis. 1 shows the proposed LLCL-filter based single-phase grid-tied Aalborg Inverter, where an inductor L f is in series with C, composing a resonant circuit at the switching frequency (note that the switching frequency of S 1 , S 2 , S 4 and S 5 is set to be the same value of 1/T s ) to attenuate the switching frequency harmonics of the grid-injected current. The main circuit is vertically symmetrical except for the components of L f , C and L 2 . During the positive period of the grid voltage, the upper part (in red) works, while the lower part (in black) does not operate. During the negative period, they work inversely. In this paper, only the positive period is analyzed. As shown in Fig. 2 , there are two different working modes for this inverter. When the instantaneous value of the grid voltage is lower than the input DC voltage (in the pure "Buck" mode or during T 1 , T 3 of the "Buck-boost" mode), the Aalborg Inverter operates in the "Buck" stage, where the equivalent circuit is shown in Fig. 3 (a) . Also, when the input DC voltage is lower than the instantaneous value of the grid voltage, as shown during T 2 of the "Buck-boost" mode in Fig. 2 , the inverter works in the "Boost" stage, and the equivalent circuit can be drawn in Fig. 3 
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Like the conventional dual-mode time-sharing inverters [8] , [11] , [12] , [21] , only one power stage of this inverter operates at high frequency at any time. The switching power losses can be reduced a lot, compared to the traditional two-stage voltage source inverter with a DC / DC boost converter.
III. MODELING OF THE LLCL FILTER BASED AALBORG INVERTER

A. During the "Buck" Stage
In this section, the small signal modelling on this inverter will be carried out. It should be pointed that the small signal model only fits for the constant output in theory, but the grid voltage can also be treated as being in the "steady state," since it is changing with the line frequency only, which is much lower than the high switching frequency [21] , [22] .
During the "Buck" stage, the inverter is simplified as shown in Fig. 3 (a) , and the equivalent circuit in one duty cycle is illustrated in Fig. 4 .
Unlike DC / DC converters, DC / AC inverter does not have a steady state during the line frequency period, but it could be treated as a quasi-steady-state in a switching period, while analyzing one steady state working point, where the quasi-steady state equation can be given as,
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where ˆ( ) x t is the small ac variation of X.
Assuming the input voltage perturbation of ˆ( ) 0 e t = and the grid voltage perturbation of ˆ( ) 0 g v t = and doing Laplace transformation to (2) , then the transfer function of the gridinjected current versus the control can be obtained as, During the "Boost" stage, the inverter can be simplified as shown in Fig. 3 (b) . The equivalent circuit in one duty cycle is illustrated in Fig. 5 . In this paper, the indirect current control method [22] is adopted, where the system is assumed as an ideal system without any power losses and the instantaneous input power equals to the instantaneous output power, which can be described as, 1 2
Then, the given current of the Boost inductor can be derived as
where R E is the equivalent resistor for calculating the generated power.
Similar to the modelling method using for the "Buck" stage, the control to the DC current of Boost inductor i L1 (t) transfer function can be derived as the following, ( ) 
where D′ is the duty cycle of the Boost switch S 2 .
C. Analysis on the Open Loop Gain
From (3), it can be seen that during the "Buck" stage, the controller design has no relation with the duty cycle. However, equation (6) shows that the bode diagram varied with the duty cycle during the "Boost" stage. Since the largest boost ratio takes place at the time of appearance of the AC voltage peak value, in theory, the worst control case also appears at this moment. Fig. 6 shows the gain diagrams of the control to the current transfer function, where the parameters are listed in Table I . Note that the gain of G boost (s) is in the worst case. It can be also seen that within the characteristic frequency, the gain diagrams of the two stages are very similar. Then it can be deduced that the controller structure could be the same both in "Boost" and "Buck" stages, making it easy to design the controller.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
Based on the modeling, simulations are carried out, where conventional PI controller is adopted for the control. The designed parameters are also listed in Table I . The switching frequency of S 1 , S 2 , S 4 and S 5 is 40 kHz, and the S 3 and S 6 works in every half of the line period. An 220V/50Hz/2000 W LLCL-filter based Aalborg inverter prototype based on a DSP (TMS320LF2812) controller is designed and constructed. The type of MOSFETs is IPW60R045CP, and the type of diodes is IDW30G65C5. Two DC power supplies (Chroma 62120) provide the DC power and a programmable AC source (Chroma 6530) is used to emulate the grid voltage. The parameters are the same as those in the simulations. Fig. 9 shows picture of the experimental prototype. During the experiments, the parameters are the same as those for simulations. When the input DC voltage is 700 V, the measured input DC voltages (E 1 , E 2 ), grid voltage (V g ), and grid-injected current (i g ) are shown in Fig. 10，and the power spectrum of the grid-injected current is shown in Fig. 11 . Fig. 12 shows the grid-injected current, the grid voltage and the input DC voltage in the "Buck" mode (E 1 = E 2 = 240V), while the spectrum of the grid-injected current is shown in Fig. 13 . Comparing Figs. 10-13 with Figs. 7-8, it can be seen that the experiments match the simulation results very well.
100V/div
E 1 v g 100V/div i g 10A/div Zero 5ms/div E 2 50V/div
V. CONCLUSION
In this paper, the LLCL-filter based single-phase grid-tied Aalborg Inverter is proposed. The small signal modeling is carried out in details. From the modeling, it can be seen that compared with the LCL-filter based Aalborg inverter [7] , the LLCL-filter based one has not brought the extra control difficulties either in the "Buck" mode or in the "Buck-Boost" mode, whereas the more inductance in the power loop has been saved. Simulations and experiments have been carried out to confirm the theoretical analysis through a 220 V / 50 Hz, 2000 W prototype.
